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I. INTRODUCTION 



The results of the recent neutrino oscillation experiments showed that neutrinos have 



non-zero masses 



The global analysis of the very recent first results of 
KamLAND combined with the other existing neutrino experiments gives us the more precise 
information about the neutrino mass matrix j^. Although we don't know the magnitudes 
themselves of the neutrino mass eigenvalues from the neutrino oscillation experiments, the 
investigation into the anisotropy of the cosmic microwave background radiation (CMBR) 
by Wilkinson Microwave Anisotrop y P robe (WMAP ) recently has put the upper bounds 
on the sum of the neutrino masses |lol . [ill . [l2 . Iisl [l4 1 . There are works that the neutrino 
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mass matrixes are analyzed by these recent results of KamLAND and WMAP 
Q]. Thus the search for physics beyond the Standard Model, which incorporates non-zero 
neutrino masses, has become an urgent issue. Seesaw model is one of the most promising 



candidates for such neutrino mass generation 
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21|. Seesaw model also works as the 



model of leptogenesis, which can explain the present baryon number through the sphaleron 



processes j22, |2c 



There are many works about the relation between the generated 



baryon number at higher temperatures and the neutrino mass matrix or C 



low temperature universe 
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' phases at the 
. On the other 



hand, in the seesaw model the lepton number is inevitably broken by the Majorana mass 
term, and the model potentially erases the baryon and lepton numbers when combined with 



le Daryon ana lepton numbers 

3, y, 41, 42, 142, Q, Q 



the sphaleron processes in equilibrium |22l, |4Q|, |41|, |4^ 1421 1441 14^ |4q. It has been argued 
that the condition to protect the baryon number from this washing out processes gives the 
stringent constraints for the dimension five operator including Higgs fields, which in turn 
induces the Majorana neutrino masses at symmetry broken phase. In the present paper, 
inspired by the very recent experimental progress in neutrino physics, i.e. the KamLAND 
and WMAP, we re-analyze the condition for the baryon and lepton numbers not to be 
washed out by the decay and the inverse-decay processes of heavy right-handed neutrinos 
and by the dimension five operator. We require the condition, irrespectively of what kind 
of theory provides the primordial baryon or lepton asymmetry at higher temperatures, and 
will see whether there remains some allowed parameter range of neutrino mass matrix. 



When the magnitudes of the six independent CP violating phases 



32l | are not enough for 



the leptogenesis through the out-of-equilibrium decays of the right-handed neutrinos 



2 



to provide the present baryon number, the investigation extended here becomes important. 
From this viewpoint, we assume that both the Yukawa couphngs and Majorana mass matrix 
of the right-handed neutrinos are all real. Then, the real Majorana mass matrix of left- 
handed neutrinos has the six independent parameters. On the other hand, the neutrino 
oscillation experiments determine the five parameters, two squared mass differences and 
three mixing angles. We thus can describe the neutrino mass matrix in terms of only one 
real parameter, mi or ms within the error of the experimental data. Under this assumption, 
we require in the seesaw model the conditions that the decay and inverse-decay processes of 
the heavy Majorana neutrino and the processes induced from the dimension five operator 
are out-of-equilibrium in order to protect the baryon asymmetry and study whether such 
constrained seesaw model can simultaneously satisfy the results of the neutrino oscillation 
experiments including KamLAND and those of WMAP or not. We can further determine 
the neutrino mass matrix with accuracy. The following criticism of this assumption may be 
thought of: the mass scale of the right-handed Majorana neutrinos is expected to be very 
high, for example, GUT scale. Even if the decay and inverse-decay processes of the heavy 
Majorana neutrino are in equilibrium and all the lepton and baryon numbers are washed out 
in the higher scale, the possibility of the various baryogenesis may be left at the lower scale. 
But we can exclude such possibility by making the mass scale of right-handed Majorana 
neutrinos relatively low, for example, TeV scale. We can realize this when the Dirac Yukawa 
couplings of right-handed neutrinos are set to be small enough or the descent of the rank 
of the neutrino mass matrix explains the smallness of left-handed neutrino masses as was 
recently pointed out in 

If we require that all the decay and inverse-decay processes of the heavy Majorana neu- 
trinos are out-of-equilibrium to protect the baryon number, it turns out that the left-handed 



Majorana masses are all restricted to the very small 
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\m,\ < 10-3[eV]. (1) 

These small neutrino masses are clearly incompatible with the squared mass differences 
needed to account for the data of the neutrino oscillation. We may relax the condition and 
require that only one flavor symmetry among the three symmetries, Lg, and Lr {L = Le + 
Lfj^ + Lr), should be an exact symmetry. However, if the seesaw model has the Lg-symmetry, 
for example, it is easily shown that the two of three mixing angles vanish, which contradicts 
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with the results of the neutrino oscillation experiments. Let us note the symmetry needs not 
to be an exact one and an approximate symmetry will suffice for the purpose of protecting 
the baryon asymmetry. An approximate symmetry means that the rates of all the processes 
breaking the symmetry are smaller than the Hubble parameter. On the other hand, there 
are many studies which attempt to determine the Majorana neutrino mass matrix purely 
from the neutrino oscillation data under the assumption of the two-zero textures 
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They showed that the results of the neutrino oscillation experiments favor the mass 
matrixes with normal hierarchy of mass eigenvalues, which have the small or zero elements 
rrieaia = e,fi,T) and the inverted hierarchy is allowed for only one case, m^^ = rrirT = 0. 
These results imply that the approximate Lg-symmetry in the normal mass hierarchy is 
favored and the inverted hierarchy is disfavored if one of the approximate symmetries is to 
be required as a symmetry to protect the baryon asymmetry, being consistent with the data 
of all neutrino oscillation experiments. We will verify that it is really the case till the end 
of the present paper. 

The outline of this paper is as follows: in Section II, we ffist discuss the condition to 
protect baryon asymmetry in the seesaw model. Next, we require the additional condition 
imposed by the recent results of WMAP. In Section III, we study whether such constrained 
seesaw model can be compatible with the data of the neutrino oscillation experiments in- 
cluding the ffist results of KamLAND. In the argument we divide the cases into two, i.e. 
the normal and inverted mass spectra including quasi-degenerate type and rather precisely 
determine the neutrino mass matrix depending on the signs of the mass eigenvalues. We 
next show that there exists a parameter set of the theory which corresponds to the allowed 
neutrino mass matrix. We also con&m that the allowed neutrino mass matrix satisfies the 
constraint from the absence of the neutrinoless double beta decay {OuPlS). We finally calcu- 
late the resultant lepton and baryon numbers in the present universe. Section IV is devoted 
to a summary. 



II. PROTECTING THE PRIMORDIAL BARYON ASYMMETRY IN THE SEE- 
SAW MODEL COMPATIBLE WITH THE RESULTS OF WMAP 

In this section, we briefly review the seesaw model and discuss the condition that the 
primordial baryon asymmetry is not washed out. We further require that the seesaw model 
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is compatible with the recent results of WMAP. 



A. Brief review of the seesaw model 



In addition to the one in the Standard Model, the following Lagrangian density is included 
in the seesaw model, 



1 



= N^j,t<^N^^ - ^-m^YM^^N^^ + h.c.) + {h-ni^N^^ + h.c.) 



(2) 



where the heavy right-handed neutrino N^^ii = 1,2,3) is the mass eigenstate with the mass 
eigenvalue M|j. The doublets of weak eigenstate = e,yU., r) are in the base where the 
mass matrix of the charged leptons is diagonal. Namely, the lepton doublets and higgs 
doublet are defined as 

/ 




Z/e Ur 



and $ 



0' 



0* 



(3) 



y e /i r 

Let us note that, without loss of generality, the right-handed Majorana mass matrix may 
be assumed to be diagonal. The exchange of the heavy right-handed Majorana neutrinos 
provides the dimension five operator, breaking the lepton number by two units. 



where (if)"* = h"^ and ( 



1 

Mr' 



M, 



R 



(4) 



M 



Below the electroweak symmetry breaking scale, this dimension five operator generates 
the small left-handed Majorana neutrino mass matrix M.^, 



\"/3 



af3 



H* 



M 



R 



al3 



(5) 



which is a complex valued symmetric matrix. Here, f =246[GeV] is the VEV of the neutral 
higgs field, v^0°. 



B. The condition to protect the primordial baryon asymmetry 

We require the condition that the primordial baryon asjTumetry is not washed out. The 
sphaleron processes break the quantity, {B + L), conserving the quantities, — Lo){a = 
e,fj,,T), and are in equilibrium at the temperature between 100 [GeV] and 10^^[GeV]. Here, 
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we assume that all M}^ are within this temperature region. To protect the primordial baryon 
asymmetry, it is necessary that the lepton number violating processes are out of equilibrium 
through the temperature region, 

< H, (6) 

where is an interaction rate of a lepton number violating process and H is the Hubble 
parameter, H = 1.66y^-^ ~ 1.44 x 1Q~^^( [J^y] ) with Mpi being the Plank mass. Here, 
(7* is the total degrees of freedom of effectively massless particles. In the seesaw model, we 
adopt the value (7* = g^^^ + g^^ = 112 js^]- In this model, the two kinds of lepton number 
violating processes exist. The first one is the decay and inverse-decay of the heavy right- 
handed Majorana neutrinos, N}^ ^ ^l'P^i ^^"^ ^^e second kind is the scattering between 
two left-handed neutrinos and two neutral higgs, ^'£^'f ^ 0*^*0"*. The out-of-equilibrium 
condition for each of these processes is examined as follows. 

• TVij-decay and inverse-decay 

We consider the processes, A'^^ i^l'P^- The interaction rates for these processes are 
estimated at a temperature T ^ M]^, 

1 I M* 1 2 

nNR^i^i<f) = -m'^—^. (7) 

If we are going to impose the out-of-equilibrium conditions of the processes for all of 
indexes, i and a, the relations 



3.6 X IQ-^^ 
^ Jm^ ^ [GeV] ' ^ ' 



should be satisfied. The inequality (jH)) can be immediately rewritten as the upper 
bounds on the left-handed neutrino masses as 



<yE^ = 3.3 X lO-^'ieV]. (9) 
On the other hand, the recent neutrino oscillation experiments have shown that there 



exist mass-squared differences, relevant for solar neutrino oscillation p|, and the 
atmospheric neutrino oscillation 



5.1 X 10-^[eV2] < A, < 1.9 x IQ-^ieV^] 
1.6 X 10~^[eV^] < A„ < 4.0 x IQ-^feV^] 



(10) 
(11) 
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The upper limit for all neutrino mass matrix elements Q can't satisfy these two mass 
squared differences and the condition we impose has no solution. Actually, even if we 
relax the condition and impose that at least one lepton flavor is conserved, the baryon 
number still can be protected, in proportion to the primordial value of the conserved 
lepton flavor. For example, we attempt to impose the electron-flavor (Lg) symmetry 
on the seesaw model. In that case, m^"(a = e,/i, r) should all vanish and the two 
of the three mixing angles to diagonalize the neutrino mass matrix turn out to be 
zero. It is clear that this result again contradicts with the recent experimental data 
of the neutrino oscillation. The situation is the same, even if we impose or Lr, 
instead. Thus, the last choice is to impose an approximate flavor symmetry on the 
model. An approximate symmetry means that the rates of all the processes breaking 
an exact symmetry satisfy the out-of-equilibrium condition ®. Thus, the presence of 
an approximate L^^-flavor symmetry (a = e, /i or r), leads to 



Tin, < H 



for all of z = 1, 2 and 3 ^ |m°"| < 3.3 x 10"^[eV]. (12) 

T=M\, 



Scattering between two left-handed neutrinos and two neutral higgs 

We consider the scattering processes, ^ ^l^l induced by the dimension five 

operator in Eq. (0)). The interaction rates for these processes are estimated at the 
temperature T <^ M)j and the out of equilibrium conditions of these processes read as 



TT 



oa 



2 Irri^/^IS 

~ ^-^^T^ < H, (13) 



for all choices of a, /5. This inequality can be rewritten as the one for the left-handed 
neutrino masses as 

\mf\ < 0.13[eV]. (14) 

It is found that these upper bounds for the elements of neutrino mass matrix are 
weaker than those obtained from the combination of the out-of-equilibrium conditions 
for A'^R-(inverse-)decay and the data of WMAP and KAmLAND in the next section. 
We will verify the invalidity of this constraints in the end of the next section. 
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C. Constraints from the results of WMAP 



We further constrain the mass matrixes, allowed from the arguments in lllBl by imposing a 
condition obtained from the recent results of WMAP. The investigation into CMB by WMA^ 



recently put the following upper bounds on the sum of the neutrino masses |lO 

2 



11 



12 



< 0.0076 ^ < 0.71[eV], 



(15) 



93.5 [eV] 

where mj(i=l,2,3) is a small left-handed neutrino mass eigenvalue. Hereafter, we assume 
that H and M)j are real matrixes. Since Ai^, is a real symmetric matrix, the inequality ()15|) 
can be written as 



\nf^ + + m7| < 0.71 [eV]. 



(16) 



Here, we further assume that all M|j are either positive or negative. Under this assumption, 
the inequality |TB|) can be written as 



\'nf^\, \m^X\, |m7| < 0.71[eV] 



Here, we define pj^a = e, fi, r) for the convenience of the following discussions as 

V / /i"3 \ 



Po 



[17) 



(18) 



Using the pa, we can write the elements of the neutrino mass matrix in Eq. (jSj) in a form of 
inner product of vectors. 



m 



The inequality p7|) can be written as 

|p;|2<0.71[eV], 



(19) 



(20) 



where a = e, /i and r. We thus can determine the upper bounds of the all elements of the 
mass matrix depending on the choice of the flavor symmetry from Eq. ()12|). (|T^ and ()20|). 

(1) Approximate Lg-symmetry 

Eqs. fjl2|) . (fT^ and (f^UI) put the upper bounds on the elements of the mass matrix, 

\ml'\ = IpeP < 3.3 X 10-^[eV] = S, (21) 

(22) 
(23) 



\m 
\m 



''^i = \Pe-Pt.\ < IPellp^l < 4.8 X 10-2[eV] = M, 
= \P^-Pr\ < \p^\\Pr\ < 0.71[eV] = L. 
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We similarly derive the upper bounds on the other elements and summarize these 
inequality in the form of mass matrix, using S, M and L defined above, 



/ 



V 















7yfJ\ 







\ 



J 



( 



< 



S M M 
M L L 
M L L 



(24) 



(2) Approximate L^-symmetry 

We can determine the upper bounds on all the elements in a similar way to that in 
the case (1), 



My < 



L M L 
M S M 
L M L 



\ 



(3) Approximate L^-symmetry 
Similarly, 



My< 



L L M 
L L M 
M M S 



(25) 



(26) 



III. SEESAW MODEL CONFRONTS KAMLAND DATA 

In the present section, we first review the current status of the results from neutrino 
oscillation experiments including the recently reported first KamLAND results. We then 
require that the mass matrixes restricted in III CI satisfy the current results of the neutrino 
oscillation experiments, for each of the normal and the inverted mass spectra including 
quasi-degenerate type. We next confirm that there really exists a parameter set of the 
theory which leads to the allowed neutrino mass matrix in each case. We further check that 
the allowed mass matrixes satisfy the constraint from the neutrinoless double beta decay. 
We finally summarize the results of the present section and calculate the resultant lepton 
and baryon numbers of the present universe. 



9 



A. The present status of the results from the neutrino oscillation experiments 



We summarize the present status of neutrino oscillation experiments to make clear what 
type of the neutrino mass matrix is allowed. The Super-Kamiokande Collaboration(S-K) 
shows that there exist a mass squared difference and a mixing angle 6atm in order to 
explain the atmospheric neutrino oscillation l|, Q, Q , 



1.6 X 10-^[eV^] < A„ < 4.0 x 10-^[eV^], 0.88 < sin^ 29 ^tni < 1-0 (90% C.L. 



(27) 



with the best fit values = 2.5 x 10-^[eV^] and sin^ 26*, 



atm 



1.00. The global analysis of 



the first results of KamLAND combined with the existing data of solar neutrino experiments 
shows that there exist a mass squared difference A, and a mixing angle Or^ to account for 

5.1 X 10-^[eV2] < A, < 9.7 x 10-^[eV^] , 1.2 x lO'^feV^] < A, < 1.9 x lQ-^{eY\ 

0.29 < tan^^o < 0.86 (Sa level), (28) 

with the best fit values, A^ = 6.9 x 10-^[eV^] and tan^ = 0.46. The CHOOZ experiment 
has put the upper bounds on the mixing angle 6'i3 



sin2 2^i3 < 0.1. 



(29) 



Using the Maki-Nakagawa-Sakata(MNS) matrix U, we can diagonalize a Majorana neu- 
trino mass matrix M.^, to M.v, 



mi 



ma 
V ma y 



U^MuU, 



i7T 



(30) 



where the weak eigenstates in are understood to be the partners of the mass eigenstates of 
charged leptons and contain the neutrino mass eigenstates. We write a diagonal matrix 
with the symbol " " " , hereafter. Since we assume that Aii, is a real symmetric matrix, we 
can parameterize the MNS matrix U as a orthogonal matrix. 



U 



1 



C23 S23 
V -S23 C23 J 



( 



Cl3 Si3 

1 



V -Sl3 Ci3 j 



Cl2 Si2 
-Sl2 Ci2 

V ly 



-R23 ( ^^23 ) -R13 (^13) -R12 ( — 6'l2 ) , 



(31) 
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where c, 



cos 6ij and Sij 



sin 6ij. Using these parameters, the two mass squared differ- 



ences and two mixing angles in Eq. (jTfj) and 

A„ = — mil, A, 



are written as 



723) 



12- 



(32) 



for solar neutrino also show that the sign of m"^ 



The experimental data 

mm 

is positive. For brevity, we assume the mixing angle 6*13 = 0, consistent with ()29|) . and fix 
the two mass squared differences and 9atm at the best fit values. Under these assumptions, 
we can write the matrix U using the only one relatively poorly known parameter 6q = 6, 



I 



U 



cos 6 



sin 6 







-Tl^i^^ 72^°^^ 72 

V 72"^^^ -72^°^^ 72/ 



with 0.29 < tan^ 9 < 0.86 (3a level). 



(33) 



\ 



-^sc{mi-m2) |(s^mi + c^m2 + ma) -|(s^mi + c^m2 



(34) 



Then, the neutrino mass matrix Aiu can be written as 

^ c^rrii + s'^m2 —^sc{mi — 1122) ^sc(mi — m2) 

y -^sc{mi — m2) — |(s^mi + c^m2 — ms) |(s^mi + c^m2 + ma) j 

where c = cos^ and s = sin 6. Since we have fixed the values of the two mass squared 
differences, there remains only one independent parameter among three mass eigenvalue, 
mi,m2,m3. In addition, the neutrino mass matrix ()34j) must satisfy the following two 
conditions: first, since all M|j are either positive or negative, all m*^^, m'^'^ and m'^'^ are of 
the same sign. Second, the off diagonal elements must satisfy the following inequality. 



m 



efi I 



m 



/XT I 



= \Pe-Pi,\ < \Pe\\Pi, 



m 



m 



MM I 



(35) 
(36) 



B. Normal mass spectrum 



We first investigate the normal mass spectrum, |mi| < |m2| < |m3|. Choosing mi as a 
parameter, we can express m2 and ma as a function of mi. 



mg = ±yj Aa + As + mf, 

7712 = ±\/A^ + 7nj, 

mi > 0, 



(37) 
(38) 
(39) 
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where mi can be taken to be non-negative with no loss of generahty thanks to the freedom 
of the re-phasing, iT^I = Every element of the neutrino mass matrix can be written 

as 



m^^ = c^mi ± s^^jAs + mf, (40) 
TTi^/^ = -m""^ = --^sc^mi =F y^As + mf (41) 



2 



-[s'm^±c'JAs + mjT\^Aa + As + ml), (42) 



1 



^MM = ^rr ^ _ J^^2^^ ^ ^2^^^ ^ ^2 ^ y/^^ + A, + mf j . (43) 

Since m2 and can be either positive or negative, we must consider the four cases, (i) 
1712 > 0,m3 > 0, (ii)m2 > 0,Tn-^ < 0, (iii)m2 < 0,m3 > and (iv)m2 < 0, 7713 < 0, to 
see if some approximate symmetries remain. It is easily found that the approximate or 
LT--symmetry is not possible. In the case (i), (iii) and (iv), since |?Ti^^| is a monotonically 
increasing function of mi and goes to infinity as mi goes to infinity, |m^^| is minimum at 
mi=0. The following relation holds 

I^^S)' = '"'av)' - l"^!iii)l = 1{-c'^/As + ^A^ + A,)i > 2.2 X 10-^[eV], (44) 

at mi=0. This inequality is inconsistent with ()12j) . In the case (ii), the condition ()12|1 is 
applied to the Eq. (jlHj) . 

m'^'' = ml'' < 3.3 x 10~^[eV] ^ mi > 1.9 x 10~^[eV] |m^^| > 1.9 x 10~^[eV]. (45) 

This inequality is inconsistent with jm^^"^! < 3.3 x 10~^[eV] in (jH^ . Thus, the approximate 
Le-symmetry is the only remaining possibility, which we examine for the four cases. 

(i) mi > 0,m2 > 0,m3 > 

The condition (HH) applied for the Eq. (gOI) yields for 0.29 < tan^ 6* < 0.86 and 
A, = 6.9 X 10-^[eV2], 

< mi < 1.8 X 10~^[eV] 1.9 x 10"^ < m'^^ < 3.3 x 10"3[eV]. (46) 

Applying this range of mi to Eq. (PT|) . ()42|) and ()43p. we can determine the remaining 
elements of the mass matrix rather precisely with A^ = 2.5 x 10~^[eV^], 

(2.0 ~ 2.9) X 10^^ (2.2 ~ 2.3) x 10-^ (2.8 ~ 2.9) x lO'^) [eV]. (47) 
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(ii) nil > 0,7712 > 0,7713 < 

The allowed range, necessary for the approximate Le-symmetry, is same as Eq. ()46|) 
and yields 

m'^^ = nfj < 0, (48) 

while rrfj > 0, which contradicts with the condition that all rrfj,m'^^ and m^J must 
be of the same sign. Hence, this case is excluded. 

(iii) mi > 0, 7772 < 0, 777,3 > 

Now, the condition (fT^ reads as, 

< 7771 < 4.6 X 10"^ [eV] ^ ml^ < 3.3 x 10-^[eV]. (49) 

Applying this range of 77ii to Eq. (jUJ, PH)) . and imposing (P^j) and (jHSl), we can 
determine the matrix elements as, 

-2.4 X 10^^(2.7~3.2) x 10"^ (2.1 ~ 3.2) x 10"^) [eV]. (50) 



(iv) 777i > 0,7772 < 0,7^73 < 

The condition (fT^ leads to the same condition as Eq. 

< 7771 < 4.6 X 10^^ [eV] ml^ < 3.3 x 10^^ [eV]. (51) 

Following the same steps as in the case (iii), we get 

( ml^ = -ml\m';;,m^/ = m[;) (52) 
1.2 X 10"^ 2.4 X 10~^ -(2.1 ~ 3.2) x 10"^ -(2.7 ~ 4.7) x 10^^) [eV]. 



We should show that there really exists a parameter set of the seesaw model, /i"* and M]j, 
which induces such determined neutrino mass matrix for each of the three cases. But, since 
the proof is rather a routine work, we execute it in the APPENDIX |2] 
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C. Inverted mass spectrum 



We next investigate the inverted mass spectrum, |m3| < \mi\ < \m2\. Choosing the 
smallest mass as a parameter, we can express mi and m2 as a function of m^, 



1712 = ±V^A, + A, + m3, (53) 

mi = ±^JAa + m3, (54) 

ma > 0, (55) 

where ms can be taken to be non-negative without loss of generality. Every element of the 
neutrino mass matrix can be written as 

m^^ = ±cyA, + mi±sVA, + A, + mi, (56) 

m'" = -m,r = -^sc(±^jAa + mlT\/K + ^s + miy (57) 

m^" = (±s^^Aa + mi ± c^Aa + A, + mi - mg) , (58) 

m/^/^ = m^" = ^ (^±5^ v/A, + mi ± y^A, + A, + mi + mg) . (59) 



We must consider the four cases, (i) mi > 0, m2 > 0, (ii)mi > 0, m2 < 0, (iii)mi < 0, m2 > 
and (iv)mi < 0, m2 < 0. It is easily found that the approximate Lg-symmetry is not allowed. 
Since \m'^'^\ is a monotonically increasing function of mg and goes to infinity as mg goes to 
infinity, |m^^| is minimum at m3=0. The following relation is satisfied 

= I'^aV)! ^ I'^ai)! = I'^aii)! = c'V^-^V^a + A, > 3.6 x 10-3[eV], (60) 

at m3=0. This inequality is inconsistent with (fT^ . Thus, we examine only the approximate 
or L^-symmetry, as remaining possibilities, though we find these symmetries are not 
realized. 

(i) m3 > 0, mi > 0, m2 > 

Since the elements m(^^ or mj^"^ is too large to satisfy Eq. ()12|1 for an arbitrary m3, 
this mass matrix does not possess an approximate nor LT--symmetry. 

(ii) m3 > 0,mi > 0,m2 < 

The condition (fT^ is applied to the Eq. (j^ . 

4.3 X 10-3 [eV] < m3 < 4.4 x lO'^feV], (61) 
14 



which, in tern, leads through Eq. ()58|) to 

mj:" > 4.3 X 10"^ [eV]. 
This value is inconsistent with (jHBj) : \m'^'^\ < 3.3 x 10"^ [eV]. 

(iii) ma > 0,mi < 0,m2 > 

Eq. (|56p and (|59|) determine the sign of TrfJ and m^^, 

ml^ < 0, m^;^ = m7 > 0. (62) 

This is inconsistent with the condition that all rrfj, m'^^ and rrfj must be of the same 
sign. 

(iv) ms > 0,mi < 0,m2 < 

The condition (fT^ is applied to the Eq. (j^ . 



m7 < 3.3 X 10-^[eV] ^ mg > 1.9 x 10-^[eV] ^ |m^^| > 1.9 x 10~^[eV].(63) 



This inequality is inconsistent with |m(^^| < 3.3 x 10 ^[eV] in fj36| . 
D. Experimental constraint on {)vj3j3 amplitude 

The amplitude of the neutrinoless double beta decay including the exchange of Majorana 
neutrinos with Majorana mass insertion due to H^^-exchange is proportional to rriee as was 



first pointed out by Wolfenstein ^ ^ 

upper bounds on the element rriee in the neutrino mass matrix 



The absence of this process so 



'ar reported gives the 



\ml^\ < 0.1 [eV] (90% C.L.). (64) 
The values obtained in the allowed neutrino mass matrixes, coming from p2p . 

< 3.3 X 10"^ [eV], (65) 
are all consistent with the bounds in Eq. ()64p . 
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Flavor symmetry 






(3)L, 


Normal spectrum 




(i) mi > 0,m2 > 0,m3 > 





X 


X 


(ii) mi > 0,777,2 > 0,7713 < 


X 


X 


X 


(iii) 77li > 0, 7772 < 0, 7713 > 





X 


X 


(iv) 77li > 0, 7772 < 0, 7773 < 





X 


X 


Inverted spectrum 




(i) 7773 > 0, 777,1 > 0, 7772 > 


X 


X 


X 


(ii) 7773 > 0, 7771 > 0, 77l2 < 


X 


X 


X 


(iii) 7773 > 0, 77li < 0, 7772 > 


X 


X 


X 


(iv) 7773 > 0, 7771 < 0, 7772 < 


X 


X 


X 



TABLE I: The allowed neutrino mass matrixes are shown. The approximate Lg-symmetry in the 
the normal mass spectrum is only allowed. 

E. Allowed neutrino mass matrix and final baryon number 



We summarize what types of the neutrino mass matrixes are allowed in the present 
section on the TABLE |l] The Lg-symmetry in the normal spectrum is only allowed. Since 
the square of the lightest mass eigenvalue, ttii, is very small compared with the solar mass 
squared deference in the case (i) and are equal to the atmospheric mass squared deference 
in the case (iii),(iv), the neutrino mass spectrum is normal hierarchical in the case (i) and 
is slightly normal hierarchical in the case (iii),(iv), respectively. It is also found that the 
inverted mass spectrum is not allowed. We summarize the allowed neutrino mass matrixes 
in each of the three cases. 



(i) 777i > 0,777-2 > 0,77^3 > 

/ 



(1.9 - 3.3) X 10-3 

(2.0 ~ 2.9) X 10-3 (2.8 - 2.9) X 10-2 
^ -(2.0 - 2.9) X 10-3 (2.2 - 2.3) x 10-^ (2.8 - 2.9) x 10" 



[cV]. 



(66) 
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(iii) nil > 0,7712 < 0,7713 > 
/ 



V 



(0 - 3.3) X 10-3 

1.0x10-2 2.4x10-3 (2.1 - 3.2) X 10-2 

2.4 X 10-3 - 1.0 X 10-2 (2.7 - 3.2) x 10-^ (2.1 - 3.2) x IQ-^ 



[cV] 



(67) 



(iv) 77ii > 0, 7772 < 0, 7773 < 
/ 



V 



(-3.3 - 0) X 10-3 

-1.2x10-2 2.4x10-3 -(2.7-4.7) X 10-2 

2.4 X 10-3 - 1.2 X 10-2 -(2.1 - 3.2) x IO-2 -(2.7 - 4.7) x 10" 



[cV]. (68) 



These mass matrixes satisfy the constraints from the processes induced through the di- 
mension five operator (fT^ . When the sphaleron processes are in equihbrium, the quantity 
(y — Lg) is approximately conserved. Hence, the primordial value, — Le)initiau is divided 
into the batyon andlepton numbers .n the present universe denoted by B„„. and L,.„. at 
the following rate |40l |. 



final 



_28^ ^ 

51 ^""""^ 277 1 3 



final 



84 fB 
277V3" 



initial 



(69) 



IV. SUMMARY 



We discussed the condition that the lepton number violating processes in the seesaw model 
do not wash out the primordial baryon or lepton asymmetry. In addition to this condition, 
we also required the conditions on the neutrino masses and mixings imposed by the recent 
results of WMAP and the neutrino oscillation experiments including the first results of 
KamLAND. We investigated whether these exist some solutions in the seesaw model which 
satisfy all of these conditions or not. As a result, it was found that the neutrino mass matrixes 
with the approximate Lg-symmetry in the normal hierarchy of the neutrino masses are the 
unique possibilities. This result indicates that the neutrino oscillation experiments and 
WMAP favor the approximate Lg-symmetry in the normal hierarchy. We could determine 
the allowed neutrino mass matrixes with accuracy in (jMj) . ()67|) and ()68p. We confirmed that 
there exists a parameter set of the seesaw model which leads to the allowed mass matrix for 
each case. We also checked that these allowed mass matrixes all satisfy the constraint from 
the neutrinoless double beta decay. We finally calculated the present baryon and lepton 
numbers in terms of the primordial value of (-| — Lg). 

17 



Acknowledgments 

I would like to thank C. S. Lim for helpful and fruitful discussions and for modifying the 
present paper. I also thank K. Ogure for valuable comments on this manuscript. 

APPENDIX A: EXISTENCE PROOF OF THE PARAMETERS 

Here, we show that there exists a parameter set of the seesaw model which induces an 
allowed neutrino mass matrix. We find a set of parameter for each allowed mass matrix with 
the approximate Lg-symmetry discussed in IIIIBI 

(i) nil > 0,7712 > 0,7713 > 

As our purpose is the existence proof, to simplify the analysis we demand 

/j^l = h^^ = /l^l = 0, Pe2 = Pe3, Pfil = Prl and p^s = -pr2- (Al) 

We find that the values chosen from (lUUj) 

{m^^,nf^',m^'\m''^') = (2.0 x 10"^2.3 x 10^^2.3 x 10~^2.8 x 10^^)[eV]. (A2) 
are provided by a set of parameters, 

((Pe2)', (Pms)', (Pmi)') = (1-0 X 10-', 5.3 X 10-^2.3 x 10-^)[eV]. (A3) 

It is proved that there exists a parameter set which can induce an allowed neutrino 
mass matrix . 

(iii) mi > 0,7772 < 0,7773 > 

Requiring h''^ =0, Pe2 = Pes, P^i = Pri and Pf,2 = -Pt2, we find 

(7n^', m"'', mf"^, m^^) = (2.2 x 10"^ -2.4 x 10"^ 3.2 x 10"^ 3.0 x 10"^) [eV] 

is satisfied by 

{iPe2)Mp>.i)Mp^2f) = (1.1 X 10-^3.0x 10-2,1.4 X 10-=^)[eV]. (A4) 
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(iv) nil > 0,7712 < 0,7713 < 

For h'''^ = /i^^ = /i^^ = 0, p^i = -pri and = Pt2, 

{rrf^,rrf^',m^'\m^'^) = (-1.0 x 10~^ -2.5 x 10"^ -2.2 x 10^^ -4.5 x 10^2)[eV] 
is given by 

((Pei)',(Pe3)',(PMi)''(PM2)') = (5-4 X 10-^ 4.6 X 10-^ 1.2 X 10-2,3.4 X 10-2)[eV]. (A5) 
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